DMD #44891
Introduction Drug therapy during pregnancy exposes both the mother and fetus to the potential adverse effects associated with therapy. Despite the presence of a placental barrier to drug transfer, certain drugs, depending on their physicochemical properties, are able to gain access to the fetal circulation. The fetus, like the adult, has detoxifying mechanisms in the form of phase 1, 2 and 3 (efflux transporter) pathways to facilitate xenobiotic inactivation and elimination. Concerted efforts over the last several years has added considerably to our knowledge regarding the expression of the phase 1 enzymes and to a lesser extent, phase 2 enzymes, in the fetal liver (Ackermann and Richter, 1977; Aranda et al., 1979; Rollins et al., 1979; Rane and Tomson, 1980; Wiebkin et al., 1985; Komori et al., 1990; Chiba et al., 1997; Ladona et al., 2000; Hines, 2007; Hines, 2008) . Much less is known regarding the expression and activity of various transporters that directly mediate xenobiotic elimination. Biliary excretion of therapeutic drugs plays an important role in detoxification and elimination of drugs. Inhibition of biliary transport has lead to adverse hepatic effects. The hepatic transporter, bile salt export pump (BSEP, ABCB11), is responsible for the transport of bile acids such as taurocholic acid. Inhibition of BSEP activity can result in the accumulation of these toxic unconjugated bile acids leading to pathological conditions like intrahepatic cholestasis of pregnancy (Fattinger et al., 2001; Funk et al., 2001; Kroumpouzos, 2002) . Besides ABCB11, other efflux and uptake hepatic transporters like ABCB1 (MDR1), ABCC2 (MRP2), the SLCO (OATP) family of organic anion transporters, and ABCG2 (BCRP) are also expressed in adults and have been implicated in drug hepatotoxicity due to transporter-based drug-drug interactions.
Our first aim was to measure the functional activity of hepatic transporters in primary cultures of fetal hepatocytes using sodium taurocholate as a substrate of sodium dependent uptake transporter, SLC10A1 (NTCP), and the bile salt efflux transporter, DMD #44891 5 ABCB11 (BSEP). Our second aim was to determine if transport processes were involved in the disposition of 17alpha-hydroxyprogesterone caproate (17-OHPC), a new progesterone analogue administered to pregnant women to prevent pre-term delivery (Meis et al., 2003 , Sharma et al., 2008 . Progesterone Metabolites (PMs) have been reported to play a role in the etiology of Intrahepatic Cholestasis of Pregnancy (ICP). A rise in the serum concentrations of PMs has been associated with impaired biliary excretion. PMs are reported to induce trans-inhibition of ABCB11 and the subsequent toxicity induced by the accumulation of bile acids, and as such, may play a role in the pathogenesis of ICP (Kroumpouzos, 2002; Vallejo et al., 2006) . Further, progesterone is reported to be an inhibitor of ABCB1, a transporter expressed on the canalicular membrane of hepatocytes (Barnes et al., 1996) . We recently characterized the transplacental transfer of 17-OHPC and the presence of significant levels of this drug in the fetal circulation (unpublished data). Thus, our final aim was to evaluate the interaction between 17-OHPC and taurocholate to determine if there was the potential for hepatotoxicity due to transporter mediated drug-drug interactions involving 17-OHPC in the fetus. Given the paucity of knowledge regarding fetal transporter expression, we also evaluated the expression of several of these proteins in fetal hepatocytes. collagen was purchased from BD Biosciences (Bedford, MA). All reagents used were of the highest chemical purity available.

Materials and Methods
Chemicals
Tissue Procurement
Livers were obtained from human fetal tissues (Table 1) penicillin (10,000 units/ml), Fungizone ® (25 µg/ml), and streptomycin (10,000 µg/ ml), until cell isolation was begun (usually within 0.5-2 hr).
Adult human liver tissue (Table 1) was procured under an Institutional Review Boardapproved protocol and with support from the liver tissue and cell distribution system (LTCDS).
Fetal Hepatocyte Isolation and Culture
This article has not been copyedited and formatted. The final version may differ from this version. Hepatocytes were isolated from fetal livers at 21-23 weeks of age. Transport activity with fetal hepatocytes as conducted as originally described by Ellis, et al. (Ellis et al., 2008) The fetal tissue was kept in EMEM and transported on ice. The hepatic tissue was gently scraped with a sterile cell scraper in a 100 mm cell culture dish. Hank's Balanced Salt Solution HBSS (30ml) containing 0.1M EGTA was added to the tissue and the contents were pipetted up and down several times with a 25 ml pipette to obtain a homogenous mixture. The tissue was transferred to a sterile 50 ml conical tube and gently rotated by hand to suspend red blood cells. The tubes were centrifuged at 60 x g for 5 minutes and the supernatant poured off and discarded. Cell pellets were resuspended in 30 ml HBSS and again centrifuged using the same conditions. The supernatant was poured off and the pellet volume was recorded. The cell pellet was then resuspended in 25 ml EMEM (at 37ºC) containing 1 mg/ml collagenase XI, 0.2 mg/ml DNase I and penicillin/ streptomycin. The suspension was rotated at 37ºC, approximately 25 minutes. Tissue was dispersed by pipetting up and down with a 10 ml pipette. The suspension was centrifuged at 50 to 100 x g for 5 minutes. The supernatant was decanted and the cell pellet suspended in 50 ml EMEM (at 4ºC). The resulting suspension was centrifuged again using the previously described conditions and the supernatant was discarded. The cell pellet was resuspended in 40 ml cell culture media (DMEM+) containing insulin 
Adult Hepatocyte Isolation and Culture
Adult Hepatocytes were isolated by a three step collagenase perfusion technique as described previously (Strom et al., 1996) , plated at a cell density of 0.5 x 10 6 cells per well in 12-well plates previously coated with 0.2 mg/ml type I collagen. The isolated hepatocytes (> 80% viability) were maintained in HMM medium supplemented with 10 -7
M dexamethasone, 10 -7 M insulin, 100 units/ml of penicillin G, 100 μ g/ml streptomycin (HMM +), and 10% bovine calf serum and kept at 37°C in a humidified incubator with 95% air/5% CO 2 . The hepatocytes were allowed to attach to the plate for 4 to 6 h at which time the media was replaced with serum-free HMM. After 24 -48 h in culture, the medium was removed and the cells overlaid with Matrigel® (final concentration of 0.233 mg/ml) diluted in HMM supplemented as described above.
Uptake and Release Studies
Two protocols for evaluating the transport of 17-OHPC in hepatocyte cultures were used :
Protocol 1: The transport assay for 17-OHPC and TCA was conducted in sandwich cultured hepatocytes as described by Kostrubsky et al., (Kostrubsky et al., 2003) with the exception that rather than collagen, the cells were overlaid with Matrigel® at a concentration of 0.233 mg/ml. The hepatocytes were incubated for 20 minutes in standard HBSS buffer containing the test compounds, 1 µM 17-OHPC and 1 μ M TCA, in the presence or absence of inhibitors (I), 40µM cyclosporine (Kukongviriyapan and Stacey, 1988; Kostrubsky et al., 2003) , 100µM rifampin (Vavricka et al., 2002 ) and 100µM
verapamil (Germann et al., 1997) For both protocols, the efflux of 17-OHPC or TCA was calculated using the following equation:
Efflux (expressed as % of Total Uptake) =
[Amount in Media (± Inhibitor) / Total Uptake (±Inhibitor)] *100 …………………… (1) where, Total Uptake = Amount in Media + Amount in Cell Lysate
The inhibition of efflux and uptake of 17-OHPC or TCA was calculated using the following equations: 
Hepatobiliary transport in adult and fetal human hepatocytes
Hepatobiliary transport of 17-OHPC, in comparison with TCA, was also assessed in human hepatocytes (Bi et al., 2006; Kalgutkar et al., 2007) . Briefly, fresh human hepatocytes in culture were rinsed twice with 1ml of either standard HBSS or Ca 2+ /Mg 2+ -free HBSS and then equilibrated in the same buffers for 10 min at 37ºC. [ Richmond, CA). Equation (4) was used to calculate biliary excretion index (BEI) is shown below (Liu et al., 1999 Individual BEI values for adult and fetal hepatocyte cultures were calculated and the results reported as mean %BEI (± SD).
Reverse Transcription-Polymerase Chain Reaction and Real-Time Quantitative Polymerase Chain Reaction
Total RNA was extracted from the plated cells using Trizol reagent ( analyzed with the ABI Prism 7700 SDS software (version 1.0). Expression of specific genes was normalized to an internal control (cyclophillin) mRNA expression.
Data Analysis
Data are expressed as the mean ± standard deviation (SD). Student's t-test was used to assess the significance of results (GraphPad Software Inc., USA).
This article has not been copyedited and formatted. The final version may differ from this version. 
Results
Effect of temperature on 17-OHPC and TCA transport in human hepatocytes
To investigate the mechanisms of hepatic transport of 17-OHPC (passive diffusion or active uptake process), the effect of temperature (4ºC vs. 37ºC) on 17-OHPC transport in hepatocytes was evaluated.
In fetal hepatocytes, inhibition of 17-OHPC efflux was observed in cold media (4ºC) as compared to warm media (37ºC). The percent inhibition due to cold temperature varied from 10-61% (Figure 1 ). The total uptake (media + cell lysate) of 17-OHPC in fetal hepatocytes was comparable between 4ºC and 37ºC. Similar results were observed in adult hepatocytes (Figure 1 ). The percent inhibition of 17-OHPC efflux at 4°C varied from 44 -61%, however, the total uptake was comparable.
Effect of temperature on TCA transport was also evaluated in fetal hepatocytes. The efflux of TCA at 4ºC was less than at 37ºC. The percent inhibition of TCA efflux at 4ºC was >90%. Furthermore, the total uptake of TCA was also inhibited at 4ºC and varied from 26-93% (Figure 2 ).
Effect of cyclosporine on 17-OHPC and TCA transport in human hepatocytes
To confirm the involvement of a transport-mediated process in the disposition of 17-OHPC in primary human hepatocytes, cyclosporine, a well-known inhibitor of ATP mediated transport processes, was co-incubated with fetal and adult human hepatocytes.
The amount of 17-OHPC efflux (Figure 3 ) was lower in the presence of cyclosporine for both fetal and adult human hepatocytes. In fetal hepatocytes, the percent inhibition of 17-OHPC efflux varied from 30 to 41%. In adult hepatocytes, 31 to 52% inhibition was observed. However, the total uptake (media + cell lysate) of 17-OHPC by adult and fetal human hepatocytes was comparable in the presence and absence of cyclosporine (Table   2 ).
This article has not been copyedited and formatted. The final version may differ from this version. Similarly, the amount of TCA efflux was lower in the presence of cyclosporine in fetal and adult human hepatocytes. The percent inhibition of TCA efflux varied from 60 -95%
for fetal cells and 60 -98% in adult human hepatocytes. Furthermore, the total taurocholate uptake was also inhibited by CyA (Figure 4 ) with percent inhibition in the range of 60-90% for fetal hepatocytes and >90% for adult human hepatocytes.
Effect of verapamil on 17-OHPC transport in human hepatocytes
ABCB1 (MDR1 or P-glycoprotein) is a member of the ATP-binding cassette transporter superfamily that is involved in the efflux of various chemical compounds. Verapamil has been reported to inhibit MDR1 mediated efflux activity (Zong and Pollack, 2003) . To evaluate the involvement of an active, transporter mediated efflux process in the disposition of 17-OHPC in primary human hepatocytes, verapamil was co-incubated with fetal and adult human hepatocytes.
The amount of 17-OHPC efflux ( Figure 5 ) was lower in the presence of verapamil for both fetal and adult human hepatocytes. In fetal hepatocytes, the inhibition of 17-OHPC efflux was 58-67% in the presence of verapamil. In adult hepatocytes, 25-42% inhibition was observed. However, the total uptake (media + cell lysate) of 17-OHPC by adult and fetal human hepatocytes was comparable in the presence and absence of verapamil ( Table   2 ).
Effect of rifampin on 17-OHPC transport in human hepatocytes
The organic anion transporting family of proteins (SLCO gene family or OATPs) plays a role in the uptake transport of bile salts and xenobiotics (Hagenbuch et al., 2004) .
Rifampin has been reported to inhibit human liver SLCOs and thus interfere with carrier mediated organic anion uptake (Vavricka et al., 2002) . To evaluate the involvement of an active, transporter mediated uptake process in the disposition of 17-OHPC in primary human hepatocytes, rifampin was co-incubated with fetal and adult human hepatocytes.
This article has not been copyedited and formatted. The final version may differ from this version. The amount of 17-OHPC efflux ( Figure 6 ) was lower in the presence of rifampin for both fetal and adult human hepatocytes. In fetal hepatocytes, inhibition of 17-OHPC efflux in the presence of rifampin varied from 46 -55%. In adult hepatocytes, 21 -44% inhibition was observed. However, the total uptake (media + cell lysate) of 17-OHPC by adult and fetal human hepatocytes was comparable in the presence and absence of rifampin ( Table   2 ).
Effect of 17-OHPC on Taurocholate (TCA) transport in adult and fetal hepatocytes
To evaluate the inhibitory potential of 17-OHPC on TCA efflux, we pre-and coincubated different concentrations of 17-OHPC with TCA. In fetal hepatocytes, 17-OHPC reduced TCA efflux with significant (p<0.05) inhibition observed at 0.5 µM, 1.0 µM and 10.0 µM 17-OHPC concentrations ( Figure 7A ). The total uptake of TCA was also reduced by 17-OHPC with significant (p<0.05) inhibition at concentrations >0.5µM
( Figure 7B ). Cyclosporine (CyA; 40µM) was used as the positive control and depicted a significant (p<0.05) inhibition of both efflux and total uptake of TCA.
In adult hepatocytes, 17-OHPC also inhibited taurocholate efflux. A significant (p<0.05) decrease in TCA efflux was observed at 5µM, 50µM and 100µM 17-OHPC concentrations ( Figure 7A ). The total uptake of TCA was also inhibited by 17-OHPC with significant (p<0.05) inhibition at concentrations >50µM ( Figure 7B ). Similar to fetal hepatocytes, cyclosporine (CyA; 40µM) was used as the positive control and showed a significant (p<0.05) inhibition of both TCA efflux and uptake.
The mean %BEI (± SD) for 17-OHPC in adult (6.2 ± 2.0) and fetal (7.0 ± 2. 
Expression of transporters in Fetal and Adult hepatocytes
Quantitative-real time RT-PCR based measurements of transporter mRNA levels in fetal hepatocyte cultures were determined and compared to results with adult hepatocytes (Figure 8 ). The relative mRNA levels were normalized to the endogenous reference, cyclophillin (cyc). In adult hepatocytes, ABCC2 (MRP2) showed the highest expression level followed by ABCB1 (MDR1) and ABCB11 (BSEP). In fetal hepatocytes, ABCB1
(MDR1) (~64% of adults) showed the highest expression followed by ABCB11 (BSEP) (~40% of adults) and ABCC1 (MRP2) (~38% of adults) transporter. ABCB4 (MDR3) was the only transporter that was not detected on a consistent basis in the fetal hepatocytes. Relative to adults, the transporters with the lowest expression in fetal liver were ABCB4 (MDR3) (~2% of adults) and SLC10A1 (NTCP) (~4% of adults).
Discussion
The current study was designed to evaluate the hepatobiliary disposition of 17-OHPC and Taurocholate in primary cultures of fetal and adult human hepatocytes. Furthermore, the expression of drug transporters in fetal and adult human hepatocytes was evaluated.
Dual-labeled 17-OHPC used in our study was observed to retain both ( 14 C, 3 H) labels after metabolism to mono-, di-, and tri-hydroxy derivatives, the major metabolites generated on incubations with adult and fetal hepatocyte cultures (Caritis et al., 2011 ; Sharma et al., 2008) . Thus, the findings in our study refer to the disposition of 17-OHPC and its metabolites, and in using the current study design; any difference between the parent compound and its metabolites cannot be differentiated.
To determine the presence of an active transport mechanism in the disposition of 17-OHPC, we evaluated the effect of temperature (4ºC vs. 37ºC) in adult and fetal hepatocyte cultures. A decrease in 17-OHPC efflux was observed at cold temperature (4ºC) compared to 37ºC. These results suggest the presence of a carrier-mediated efflux process in 17-OHPC transport along with the possible involvement of passive permeation.
Significant variability in 17-OHPC transport was observed across fetal and adult hepatocytes. This may be attributed to inter-individual variability in the expression and function of transporters or inter-batch variability (due to variability in tissue storage and shipping conditions, hepatocyte isolation and culturing conditions) in hepatocytes.
Hepatic taurocholate (TCA) transport is well characterized with its uptake being mediated by SLC10A1 (NTCP) (~80%) and the SLCO (OATP) family of transporters (~20%) and efflux into the canalicular space by ABCB11 (BSEP) (Kemp et al., 2005) .
On evaluating the effect of temperature on TCA transport, significant inhibition of both total uptake and efflux was observed in fetal hepatocytes at 4ºC. Thus, the effect of temperature on TCA suggests the involvement of functional uptake and efflux processes.
This article has not been copyedited and formatted. The final version may differ from this version. Cyclosporine, a known inhibitor of multiple transporters e.g. ABCB1 (P-gp), SLCO1B1 (OATP1B1), ABCC2 (MRP2) and ABCG2 (BCRP) (FDA Guidance for Industry, 2012), was used to evaluate the role of active transporters in the disposition of 17-OHPC.
Cyclosporine produced a significant inhibition of 17-OHPC efflux indicating that an active efflux process is involved in the disposition of 17-OHPC.
Similarly, significant taurocholate efflux inhibition was observed in the presence of cyclosporine in both adult and fetal hepatocytes. However, in contrast to 17-OHPC, the total accumulation of taurocholate was also significantly inhibited by cyclosporine in both adult and fetal hepatocytes. The results indicate that functional uptake and efflux processes are involved in the transport of taurocholate in fetal hepatocytes, whereas with 17-OHPC only an efflux process is primarily observed.
The organic anion-transporting polypeptide transporters (SLCO1B1, 2B1 and 1B3) are uptake proteins with broad substrate specificities including bile salts, prostaglandins, and steroid conjugates. Recently, it was reported that the sulfate conjugate of pregnenolone, precursor to endogenous hormones including dehydroepiandrosterone (DHEA) and progesterone, is a substrate of SLCO2B1 (OATP2B1) (Grube et al., 2006) . To investigate the involvement of an uptake process mediated by the SLCO proteins, in addition to the predominant efflux process in the transport of 17-OHPC, we used rifampin, a known inhibitor of SLCO transporters (Vavricka et al., 2002) . If the SLCO transporters played a role in the disposition of 17-OHPC or its metabolites we expected to observe a decrease in the total uptake of 17-OHPC in the presence of rifampin. However, the total uptake of 17-OHPC was not affected by rifampin (Table 2 ) and instead a decrease in the percent efflux was observed. These observations were contrary to the expected results. Previous literature reports (Fardel et al., 1995 , Zong et al., 2003 , Reitman et al., 2011 concentrations are much lower than the 1µg/ml threshold reported for hepatotoxicity (Kostrubsky et al., 2003) due to bile salt transporter inhibition. However, the abovementioned threshold is based on evaluations carried out in adult human hepatocytes and the model must be validated for fetal human hepatocytes. To the best of our knowledge, this is the first report that tests the applicability of the in-vitro hepatotoxicity model in fetal human hepatocyte cultures.
To test the role of biliary excretion pathway in the disposition of 17-OHPC (Mol. Wt.
428.7) or its metabolites, we estimated the BEI for 17-OHPC in both adult and fetal hepatocytes and compared it with taurocholate. A large BEI (as high as taurocholate)
indicates extensive excretion of substrate into the canalicular space via transporters (Liu et al., 1999) . Biliary excretion of 17-OHPC was observed to be similar in fetal and adult hepatocytes although it was 5-10 times less than the BEI for taurocholate. The BEI for taurocholate was significantly (p<0.05) higher in adults than fetal hepatocytes which can or 4-fold lower than the IC50 (approximately 80µM) observed in adult hepatocytes. This observation suggests the possibility that the fetal liver might be more sensitive to xenobiotics than the adult liver, largely due to its lower expression of bile salt and other sinusoidal or canalicular transporters that also play an important role in detoxification.
Cyclosporine, used as positive control, showed significant inhibition of both the uptake and efflux of taurocholate in adult and fetal hepatocytes thus confirming the functional activity of bile transporters. Although, inhibition of taurocholate transport was observed in fetal and adult hepatocytes, the inhibition is not likely to be clinically significant given the very low 17-OHPC levels observed in human plasma.
In conclusion, the study demonstrates the functional expression of both uptake and efflux transporters for taurocholate and 17-OHPC in fetal human hepatocytes. The results also demonstrate the inhibitory potential of 17-OHPC towards taurocholate transport. It is likely that the presence of an active efflux process in fetal hepatocytes prevents the accumulation of 17-OHPC or its metabolites in fetal hepatocytes thus minimizing the risk of any adverse event. The bile transport inhibition assay has proven useful to investigate hepatotoxicity with adult hepatocytes, and we show here that the transport assays can be applied to fetal hepatocytes to evaluate drugs that traverse the placental barrier and gain access to the fetal circulation after being administered to pregnant subjects.
This article has not been copyedited and formatted. The final version may differ from this version. (B) Taurocholate uptake into the hepatocytes in the absence of 17-OHPC (or CyA) was defined as control (100% TCA uptake). The results are expressed as % TCA uptake relative to control. Each bar represents the mean of triplicate treatments (±SD). CyA was employed as the positive control. Significant decrease (* -p<0.05) in taurocholate uptake was observed at ≥ 0.5 µM 17-OHPC in fetal hepatocytes, and at ≥ 50 µM 17-OHPC in adult hepatocytes. CyA significantly (p<0.05) decreased taurocholate uptake in both fetal and adult cells. 
